In this study, the stabilization for the Takagi-Sugeno (T-S) fuzzy discrete system with constrained controls is investigated. The derived stabilization conditions are based on the Lyapunov stability criterion with the piecewise quadratic Lyapunov function. The constrained control inputs are used to assess the possible state transition, following which the stabilization conditions are reduced. The corresponding Lyapunov inequalities of the interactions among the state transition are integrated into a single matrix to relax the stabilization conditions. Finally, the effectiveness of the proposed stabilization conditions is demonstrated by a numerical example.
Introduction
During the past decades, the Takagi-Sugeno (T-S) fuzzy control system has been widely explored (see [1] [2] and references therein). A nonlinear system can be converted into a T-S fuzzy model through the local approximation method or sector nonlinearity method [1] . Subsequently, the T-S fuzzy model-based control design methods can apply to the nonlinear system. The parallel distributed compensation (PDC) [3] control law combined with the Lyapunov stability criterion is usually synthesized to the T-S fuzzy model. The stabilization conditions are usually represented in the linear matrix inequality (LMI) form. Then, the T-S fuzzy modelbased control is completed by using effective LMI tools to solve the LMI problem. The T-S fuzzy model-based control is also successive applied to the system with constrained control. In [4] , the control input constraint is represented as the LMIs and solved with the stabilization conditions simultaneously. The LMIs of the control input constraint assure that the designed control satisfies the constraints in the control inputs and have been successively applied to many applications [1] [2] [3] [4] [5] [6] [7] [8] . However, the stabilization conditions and input constraint LMIs of the most studies are derived based on the common quadratic Lyapunov function.
The primary Lyapunov stabilizations of the T-S fuzzy control systems are based on the common quadratic Lyapunov function [1] [2] [3] [4] [5] [6] [7] . Based on the common quadratic Lyapunov function, the stabilization procedure is to obtain a common positive definite matrix such that all the Lyapunov inequalities are satisfied. The Lyapunov inequalities are with respect to the fuzzy rules of the T-S fuzzy system. The common quadratic Lyapunov function based control design is simple but the structure information of the fuzzy rules is unnoticed in the stabilization conditions. In contrast with the common quadratic Lyapunov inequalities, the piecewise quadratic Lyapunov function involves the structural information of the fuzzy rules [2, 8] . In addition, the piecewise quadratic Lyapunov function has more Lyapunov function candidates than the common quadratic Lyapunov function. Hence, the piecewise quadratic Lyapunov function derives more relaxed stabilization conditions than the common quadratic Lyapunov function does.
The aim of this study is to stabilize the T-S fuzzy discrete system with the constrained control. First, the T-S fuzzy system is converted into an equivalent switching T-S fuzzy discrete system. Then, the stabilization conditions are derived based on the Lyapunov stability criterion with the piecewise quadratic Lyapunov function. The constrained control inputs are employed to estimate the possible state transition in advance. Subsequently, only the Lyapunov inequalities associated with the possible state transition are necessary to fulfill. In addition, the Lyapunov stabilization inequalities associated with the possible state transition are integrated into a single matrix, and then the relaxed stabilization conditions are derived. The effectiveness of the proposed stabilization conditions are verified by an illustrative numerical example.
This study is organized as follows. Section 2 presents the considered system and the existing stabilization conditions. Section 3 develops the main result. Section 4 provides an illustrative example to demonstrate the utilization of the proposed method. Finally, Section 5 draws conclusions.
Preliminary
Consider a T-S fuzzy discrete system as follows: 
where
For a physical system, the control signal is constrained as follows:
The PDC control law [3] is usually employed to the system (2) as follows:
After defuzzification, the controller is inferred as:
Apply the PDC control law to the system (2), then
According the Lyapunov stability theorem with a common quadratic Lyapunov function )
, the stabilization conditions for the T-S fuzzy discrete system (9) with constrained controls (6) 
I Q
The asterisk denotes the transposed matrices for symmetric positions.
By using the following piecewise quadratic Lyapunov function, the relaxed stability conditions for the T-S fuzzy discrete system are expected.
S denotes a subregion of the state space X . For a fuzzy system, the subregion division follows the firing of fuzzy rules, i.e., 1
. Let the center of each fuzzy set be a dividing point in the state space X , and then the subregions of a two-statevariable-system are illustrated as Consequently, the T-S fuzzy discrete system is converted to an equivalent switching T-S fuzzy discrete system as follows: After defuzzification, the switching T-S fuzzy discrete system is inferred as
Also, the PDC control law in the switching T-S fuzzy system form is considered.
Apply the PDC control law to the system (17), then 
According the Lyapunov stability theorem with the piecewise quadratic Lyapunov function (14), the stabilization conditions for the T-S fuzzy discrete system (17) with constrained controls (6) are as follows: 
where 
Main result
For a physical system, the control signal is always constrained, as shown in (6) x , as illustrated in Fig. 2 . According to (17), (28) and the constrained control (6), then 
From (19)- (20) and (29) 
Define a set Ω to denote the possible state transition from
Apply the Ω in (34) to Theorem 2, the relaxed stabilization conditions for the T-S fuzzy discrete system with the constraint controls (6) is derived. In addition, the interactions among all fuzzy subsystems are integrated into a single matrix to relax the stabilization conditions. The control design procedure of Theorem 3 is summarized as follows:
I Q
Step 1: Convert the T-S fuzzy system (2) into a switching T-S fuzzy discrete system (17).
Step 2: Determine the possible state transition  through (32)-(34).
Step 3: List all stability conditions (35)-(39) according to  .
Step 4: Solve the stabilization conditions by the existing linear matrix inequality tool.
Illustrative Example
This section demonstrates the effectiveness of the proposed stability conditions induced by considering the possible state transition Ω . 
In addition, the fuzzy sets of this system are shown as Fig. 3 . Then, the T-S fuzzy system is converted to an equivalent switching T-S fuzzy system: 
Conclusion
In this paper, the stabilization conditions for the T-S fuzzy discrete system with the constrained control have been investigated. The piecewise Lyapunov function is adopted to derive the stabilization conditions. The possible state transition is considered to reduce the stabilization conditions. The correspond Lyapunov inequalities of the interactions among the state transition are integrated into a large slack matrix. An illustrated numerical example displays the effectiveness of the proposed method.
